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Abstract—Integrated optical phased arrays that focus radiated
light to a tightly-confined spot in the near field are demonstrated
for the first time. The element phase distributions necessary for
generating and steering focused beams using phased arrays are
developed. Discussion and simulations detailing the effects of the
array aperture and focal length on the focal spot are included.
Two focusing phased array architectures are presented: (1) a one-
dimensional splitter-tree-based architecture with novel focusing
antennas and inline phase bumps and (2) a two-dimensional large-
scale pixel-based architecture. Both architectures are used to exper-
imentally demonstrate a variety of aperture size and focal length
passive focusing arrays in a CMOS-compatible platform, includ-
ing (i) a 512-antenna splitter-tree-based array with a wavelength-
steerable 7 µm spot at a 5 mm focal length, (ii) a 1024-antenna
pixel-based array with a 21 µm spot at a 5 mm focal length, and
(iii) a 10,000-antenna pixel-based array with a 21 µm spot at a
10 mm focal length. The demonstrated focusing phased arrays
present a new functional modality compared to standard optical
phased arrays that generate diffracting beams in the far field of
the array. This new focusing modality has the potential to advance
a number of important application areas at the cutting edge of
lightwave technology, as it will enable future integrated optical
phased array implementations for a wide range of applications
that require focusing operation. Such areas include optical trap-
ping for biological characterization, laser-based three-dimensional
printing, short-range light detection and ranging, and short-range
optical data communications.

Index Terms—Integrated optical phased arrays, photonic inte-
grated circuits, silicon photonics.

I. INTRODUCTION

INTEGRATED optical phased arrays [1]–[12] have emerged
as a promising technology for many applications, such as

light detection and ranging (LiDAR) [1], projection systems
[2], and free-space optical data communications [3], due to their
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ability to manipulate and dynamically steer light in a compact-
form-factor, low-cost, and non-mechanical way. Motivated by
these initial applications, optical phased array demonstrations
to date have primarily focused on systems that form and steer
beams or project arbitrary radiation patterns in the far field of
the array [1]–[10].

However, many potential applications of optical phased arrays
require focused spots in the near field of the array (as typically
generated by bulk-optics lenses) instead of diffracting beams or
patterns in the far field (as generated by standard phased arrays).
For example, optical trapping and tweezing – the manipulation
of particles through non-contact forces for biological charac-
terization [13]–[15] and trapped ion quantum computing [16] –
require tightly-focused spots since optical forces are formed
due to intensity gradients. Similarly, high-resolution three-
dimensional printing using laser-based additive manufacturing
is dependent on high-intensity focused spots to enable small
voxel sizes [17]. Furthermore, for short-range LiDAR or data
communications with targets or receivers within the near-field of
the transmitter array, focusing the signal on the object under test
or receiver as opposed to forming a diffracting beam in the direc-
tion of the target would improve the overall system efficiency.

Typically, focusing beams have been generated using free-
space methods, such as conventional and Fresnel bulk-optics
lenses, focusing spatial light modulators [18], and metamaterial-
based lenses [19], which generally provide diffraction-limited
spots at a variety of designed focal lengths. However, these
numerous potential applications would benefit from the waveg-
uided compact form-factors [10], low-cost wafer-scale produc-
tion [1], monolithically-integrated light sources [20], and high-
speed dynamic steering capabilities [2] that focusing integrated
optical phased arrays could provide while maintaining required
performance with large scalable aperture sizes (and, conse-
quently, large focal lengths and small spot sizes) [4]. (To date,
near-field optical phased array manipulation has only been the-
oretically explored for holographic applications [11] and exper-
imentally demonstrated for one-dimensional Bessel-beam gen-
eration [12].)

In this paper, Fresnel-lens-inspired focusing integrated opti-
cal phased arrays are demonstrated for the first time. Foremost,
the phase distributions necessary for generating focused beams
are derived, and discussion and simulations detailing the ef-
fect of the array aperture and focal length on the full-width
half-maximum (FWHM) of the focal spot are included. Addi-
tionally, the effect of conventional linear steering on the focal

0733-8724 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

https://orcid.org/0000-0002-7213-0176
https://orcid.org/0000-0002-9676-0033
mailto:notaros@mit.edu
mailto:mraval@mit.edu
mailto:mwatts@mit.edu
mailto:cpoulton@analogphotonics.com
mailto:cpoulton@analogphotonics.com


NOTAROS et al.: NEAR-FIELD-FOCUSING INTEGRATED OPTICAL PHASED ARRAYS 5913

Fig. 1. Element phase distribution for a focusing phased array with (a) 40 mm and (b) 20 mm focal length. Simulated array-factor intensity above the array for
a (c) non-focusing, (d) 40 mm focal length, and (e) 20 mm focal length phased array. (f) Simulated cross-sectional array-factor intensity at the focal plane for the
40 mm focal length (black) and 20 mm focal length (red) phased array. Phase profiles and simulated intensities are shown for an array with 512 antennas, 2 µm
antenna pitch, and 1550 nm wavelength. (g) Simulated power full-width half-maximum (FWHM) versus aperture size for a focusing phased array with 5 mm focal
length and 1550 nm wavelength. (h) Simulated power FWHM versus focal length for a focusing phased array with 1 mm aperture size and 1550 nm wavelength.

length is shown and a modified non-linear steering phase is de-
rived. Next, two architectures are proposed for experimentally
demonstrating focusing integrated optical phased arrays. First,
a one-dimensional (1D) splitter-tree-based phased array archi-
tecture [4] is modified to enable passive near-field focusing in
two dimensions. The architecture consists of a 1D splitter tree
to evenly distribute the input light to the antenna array, a novel
phase bump device before each antenna to passively encode
arbitrary phase distributions to the elements of the array and
enable focusing in the array dimension, and the first millimeter-
scale focusing grating-based antennas to enable focusing in the
antenna dimension. This splitter-tree-based architecture is im-
plemented to demonstrate a 512-antenna integrated phased array
with a 1.024 mm × 0.9 mm aperture that focuses light down to
a ∼7 µm spot 5 mm above the chip. Additionally, experimental
data showing wavelength steering of the focal spot in the an-
tenna dimension is shown and discussion on extension of the
architecture to electronic control in the array dimension is pre-
sented. Next, a two-dimensional (2D) pixel-based architecture
[5] is utilized to show a second type of passive focusing phased
array with the potential for active electronic focusing in two
dimensions. This pixel-based architecture consists of a 2D grid
of pixels with each pixel passively encoding the amplitude and
phase of the light radiated by a compact antenna emitter using a
directional coupler and a waveguide offset, respectively. Specif-
ically, a 1024-antenna variant with 32 rows by 32 columns and a
0.32 mm × 0.32 mm aperture is demonstrated that focuses light
to a ∼21 µm spot 5 mm above the chip, and a 10,000-antenna
variant with 100 rows by 100 columns and a 1 mm × 1 mm
aperture is demonstrated that focuses light to a ∼21 µm spot
10 mm above the chip. By using a CMOS-compatible platform
for both architectures, the systems are naturally scalable to active
demonstrations with wafer-scale 3D-bonded electronics [21]
and monolithically-integrated lasers [20] for a fully-integrated
and steerable chip-based source of focused light.

II. FOCUSING PHASED ARRAY THEORY

In general, a phased array is a system comprised of an array of
antennas that are fed with controlled phases and amplitudes to

generate arbitrary radiation patterns. If the antennas are spaced
with a uniform pitch, d, and fed with a uniform amplitude and a
linear phase distribution, the array creates a steerable, diffracting
beam in the far field of the array. The near-field electric-field
profile generated by this phased array can be approximated
using a quasi-array-factor model for the near field (analogous to
standard array-factor simulations in the far field):

E (x, y, z) =
N∑

n=1

En (x, y, z) ≈
N∑

n=1

Ane−i(2πrn /λ+Φn ) (1)

where N is the total number of antennas in the array, An is the
amplitude applied to the nth antenna, Φn is the phase applied to
the nth antenna, rn is the distance from the nth antenna to the
point under consideration at coordinate (x, y, z), and λ is the
propagation wavelength. Using this method, a standard array
with N = 512, d = 2 µm, and λ = 1550 nm is simulated; the
generated intensity profile is shown in Fig. 1(c).

In contrast, if a “lens-like” hyperbolic element phase distribu-
tion is applied, the array will focus light into a tightly-confined
spot in the near field above the array. This element phase is
derived by calculating the relative delay necessary such that
constructive interference of the wavefronts occurs at the focal
point. First, the distance from each antenna to the focal point is
calculated as:

Ln =
√

f 2
z + d2 (N/2 + 1/2 − n)2 (2)

where fz is the desired focal length. To enforce the focusing
condition, the phase applied to each antenna should compensate
for the differences in the corresponding optical path lengths such
that the wavefronts at the focal point constructively interfere.
This gives the desired feeding phase distribution

Φn =
2π

λ
(L1 − Ln ) . (3)

Similarly to a Fresnel lens, this phase can be encoded modulo
2π, as shown in Figs. 1(a)–(b). This wrapped phase encoding
is utilized so that any potential fabrication-induced phase varia-
tions in the array will not compound over more than 2π. As such,
the system is very robust to phase variations in the array dimen-
sion; variations will result in minimal power loss in the focal
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Fig. 2. (a) Element phase distribution for a focusing phased array with an fx = 1.5 mm offset assuming linear steering (red) and corrected non-linear steering
(yellow). Simulated array-factor intensity above the array assuming (b) no steering, (c) linear steering, and (d) corrected non-linear steering. Phase profiles and
simulated intensities are shown for an array with 512 antennas, 2 µm antenna pitch, 5 mm focal length, and 1550 nm wavelength.

spot as opposed to causing displacement of the spot. Addition-
ally, the wrapped phase encoding requires less relative phase
difference between antennas, which enables shorter, smaller,
and more-fabrication-tolerant phase delay structures for both
splitter-tree-based and pixel-based phased array architectures.

Figures 1(d)–(f) show the simulated intensity profiles gener-
ated by two focusing phased arrays with N = 512, d = 2 µm,
λ = 1550 nm, and varying focal lengths. As shown, by apply-
ing the derived element phase profiles, the arrays focus light to
tightly-confined and highly-enhanced spots. Additionally, due
to discretization of continuous theory onto arrays with d > λ/2,
higher-order grating lobes, which also exhibit focusing proper-
ties, are generated by the arrays at larger angles (not shown in
the simulation windows).

For appreciable focusing, the desired focal length of a focus-
ing array should be limited to the Fresnel region (i.e., the near
field) of the phased array, rnear ≈ A2/λ where A = Nd is the
array aperture size, as given by antenna theory. Consequently,
by increasing the aperture size, the possible focal length of the
array quadratically increases.

Additionally, for potential applications that require highly-
enhanced and tightly-focused spots, a valuable figure of merit
of a focusing array is the power FWHM of the resulting spot at
the desired focal length. For example, for a 512-antenna array
with 2 µm antenna pitch at a 1550 nm wavelength, as simulated
in Figs. 1(d)–(f), the FWHM is found to be 53.5 µm and 26.6 µm
for focal lengths of 40 mm and 20 mm, respectively.

Similarly to bulk lenses, the FWHM depends on the aperture
size of the array and the focal length. As shown in Fig. 1(g), as
the array aperture size increases, the FWHM decreases with an
inverse scaling. In contrast, as shown in Fig. 1(h), as the desired
focal length increases, the FWHM increases linearly. These rela-
tionships match with the well-known Rayleigh criterion derived
from the Airy pattern, which describes the resolution limit of an
imaging system as R ≈ λfz/A where R is the spatial resolution
(analogous to the FWHM). As such, for maximally-enhanced
focusing at long focal lengths, large aperture sizes are necessary.

One advantage of using integrated optical phased arrays for
focused-light applications is that phased arrays allow for dy-
namic steering on-chip to enable high-speed arbitrary manipu-

lation. In a standard phased-array system, a linear phase gradient
is applied to the antennas to steer the radiated beam in the far
field [1], [2], [5]–[7]. However, when this conventional linear
steering approach is applied to a focusing phased array, in addi-
tion to the desired steering in the array dimension, the steering
induces an undesired offset to the focal length of the spot. As an
example, an array with 512 antennas, 2 µm antenna pitch, 5 mm
desired focal length, and 1550 nm wavelength is simulated, as
shown in Fig. 2(b). When this array is steered to a 1.5 mm off-
set in the array dimension using linear steering, as shown in
Fig. 2(c), the resulting focal spot is formed at z = 4.19 mm. For
many applications, this steering-induced shift in the focal length
can prove to be detrimental; for example, for optical trapping
applications wherein the sample under test is often housed in a
flat microfluidic channel [13], this effect can shift the focal spot
out of the channel.

Instead, the desired horizontal offset should be encoded
directly in the focusing phase as follows. First, the distance
from each antenna to the focal point, initially given by (2), is
modified as:

Ln =
√

f 2
z + [d (N/2 + 1/2 − n) + fx ]2 (4)

where fz is the desired focal length and fx is the desired focal
offset. The necessary element phase distribution then follows
directly from (3). For comparison, the linear and non-linear
steering phases are shown in Fig. 2(a) without 2π phase wrap-
ping for clarity. By applying this non-linear steering approach
for fx = 1.5 mm, the focal spot is formed with the correct offset
at the desired 5 mm focal length, as shown in Fig. 2(d). Note that,
similar to a standard beam-forming phased array, as the array
is steered, the array’s effective area is changed, which, in turn,
increases the FWHM of the focal spot from 6.6 µm to 7.6 µm.

III. SPLITTER-TREE-BASED ARCHITECTURE,
IMPLEMENTATION, AND EXPERIMENTAL DATA

As a proof of concept, a passive focusing integrated optical
phased array is designed and fabricated, as shown in Fig. 3.
The phased array architecture utilized in the demonstration is
based on a one-dimensional silicon-based splitter tree (similar
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Fig. 3. (a) Schematic of a splitter-tree-based focusing phased array with 4 antennas. (b) Micrograph of a fabricated splitter-tree-based focusing phased array
with 512 antennas and 2 µm antenna pitch. (c) Photograph of a fabricated integrated optical phased array chip on the scanning optical imaging setup.

to the silicon-nitride tree architecture demonstrated in [4]) with
additional novel phase components and focusing antennas added
to enable focusing in the array and the antenna dimensions,
respectively.

The phased array and accompanying device test structures
are fabricated in a CMOS-compatible foundry process at CNSE
SUNY on a 300-mm silicon-on-insulator (SOI) wafer with a
2-µm-thick buried oxide. The 220-nm-thick silicon device layer
is patterned using 193 nm immersion lithography.

At the system input, an on-chip inverse-taper edge coupler is
designed to efficiently couple light from a 6.5-µm-mode-field-
diameter lensed fiber to a 400-nm-wide silicon waveguide with
a ∼2.5 dB measured coupling efficiency.

Next, a 9-layer splitter tree network is used to evenly dis-
tribute the input power to 512 waveguide arms with a final pitch
of 2 µm. Within the network, a compact Y-junction is used as
a symmetric 1-to-2-waveguide splitting device, as developed in
[22]. The Y-junction devices are connected by either 90◦ bends
or sinusoidal-shaped bends with 5 µm minimum bending radii to
reduce bending radiation loss. The final waveguide pitch is lim-
ited to 2 µm to reduce undesired evanescent coupling between
antennas in the array.

At the output of the splitter tree, a phase bump structure is
placed on each waveguide arm to impart a static phase delay
dependent on the maximum width of the device. The phase
bump adiabatically increases the width of the waveguide from
the nominal 400 nm width to a variable wider width using a
sinusoidal shape. The length of the structure is chosen to be
6 µm to reduce undesired excitation of higher-order modes while
keeping a compact form factor. As shown in Fig. 4(a) both nu-
merically using a finite-difference time-domain (FDTD) solver
and experimentally, as the width of the device is increased, the
relative phase induced by the structure increases. As such, by
choosing the appropriate widths for each phase bump, the cor-
rect phase profile, given by (3), is applied. Note that, due to
the robustness of this wrapped phase encoding, the discrepancy
between the simulated and measured phase shown in Fig. 4(a)
(which can be attributed to discrepancy between the expected
and actual fabricated silicon device layer thickness) does not
have a significant effect on the resulting performance of the
system.

Finally, after each phase bump, a 0.9-mm-long grating-
based focusing antenna is placed on each arm to create a

1.024 mm × 0.9 mm aperture size. The antenna utilizes a full-
etch perturbation geometry, similar to [1], to enable radiation
out of the plane of the chip. By manipulating the symmetric
inward perturbation of each period of the antenna, the local
scattering strength, defined as the power radiated by the antenna
per unit length, can be controlled, as shown in Fig. 4(b) numer-
ically and experimentally (the discrepancy between simulated
and measured values can be attributed to rounding of the pertur-
bations during fabrication without optical-proximity-correction
techniques). As such, the antenna is designed with uniform per-
turbations along the antenna length – i.e., constant scattering
strength – to generate an exponentially-decaying intensity pro-
file. Specifically, a 30 nm perturbation is chosen to minimize
the excess power at the end of the 0.9-mm-long antenna while
maintaining a large effective aperture.

Next, to enable focusing in the antenna dimension, the period
of the antenna is adiabatically chirped along the antenna length.
This process is similar to adiabatic synthesis of locally periodic
vertical grating couplers with varying radiation angles [23]–
[25]. To implement this synthesis, the relative phase induced by
a single period unit cell of the antenna is simulated in FDTD
as the length of the wider, unperturbed section of the antenna is
varied and the length of the narrower, perturbed section is kept
at a constant 310 nm, as shown in Fig. 4(c). These period unit
cells are then chosen and concatenated such that the synthesized
phase along the antenna follows the unwrapped phase given by
(3). The synthesized lengths for focusing at 1 mm, 5 mm, and
10 mm are shown in Fig. 4(d). Note that an unperturbed section
length of 295 nm is chosen as the reference phase point during
the synthesis since, at that point, the antenna radiates upwards
with a slight angle. Although this introduces a slight angle off-
set to the beam in the antenna dimension, it ensures that the
antenna does not induce undesired back reflections as dictated
by the Bragg condition. Additionally, since the focusing antenna
is synthesized using the unwrapped phase, it is more suscepti-
ble to compounded fabrication-induced phase errors, which can
result in undesired variations in the focal spot location and size.
Generally, fabrication variations will have a more significant
effect on the spot size of antennas with shorter focal lengths and
on the focal length of antennas with larger focal lengths.

To characterize the fabricated array, an optical system is used
to simultaneously image the plane of the chip onto a visible
camera and an InGaAs IR camera. The height of the optical
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Fig. 4. Simulated (red) and measured (black) (a) relative phase versus phase bump width, (b) scattering strength versus antenna perturbation, and (c) relative
phase versus length of the unperturbed section of the antenna. Device schematics are included as insets with each variable parameter indicated. (d) Synthesized
unperturbed section length versus distance along the antenna necessary for focusing at 1 mm (yellow), 5 mm (red), and 10 mm (black) for a focusing antenna with
a constant 30 nm perturbation and 310 nm perturbed length.

imaging system is then progressively scanned such that top-
down views of the intensity at varying heights above the chip
are recorded. These top-down views are then integrated in the
antenna or the array dimension to visualize the cross-sectional
intensity as a function of the distance above the chip.

The resulting cross-sectional intensity as a function of the
distance above the chip and three top-down views are shown in
Figs. 5(a)–(e) for the fabricated splitter-tree-based 2D-focusing
phased array with 512 antennas, 2 µm antenna pitch, 5 mm fo-
cal length, and 1550 nm wavelength. In the plane of the chip
(Fig. 5(e)), the aperture is illuminated by the antennas. As the
system scans to the expected focal plane 5 mm above the chip
(Figs. 5(d) and 5(f)), the radiated light is tightly-focused in both
the x and y dimensions. At this height, a FWHM of ∼6.4 µm
is measured in the array dimension, x, closely matching the
simulated value of 6.6 µm. Similarly, a FWHM of ∼7.6 µm is
measured in the antenna dimension, y, matching the expected
value of 7.6 µm. A side-lobe suppression of ∼9.5 dB is mea-
sured with an approximately symmetric pattern in the array
dimension and an asymmetric pattern in the antenna dimension
due to the exponentially-decaying intensity profile of the an-
tennas (note that the noise floor in Fig. 5(f) is limited by the
IR camera, not the array itself). Additionally, as expected, the
angle in the antenna dimension is slightly offset. Finally, above
the focal plane (Fig. 5(c)), the light is, once again, diffracted
out. Next, using a pinhole shutter at the focal plane to block any

grating lobes and stray light and a detector above the shutter, an
on-chip input to main lobe efficiency of approximately −12 dB
is measured (the losses can be attributed to waveguide propaga-
tion loss, Y-junction splitter losses, and antenna emission losses,
including power radiated to the grating lobes).

For comparison, a similar 1D-focusing array is also fabri-
cated. The array utilizes the same splitter-tree-based architecture
with 512 antennas, 2 µm antenna pitch, 5 mm focal length, and
1550 nm wavelength to focus in the array dimension; however,
standard non-focusing antennas are used such that the system
does not focus in the antenna dimension. The resulting cross-
sectional intensity as a function of the distance above the chip
and three top-down views are shown in Figs. 5(g)–(j). In the
plane of the chip (Fig. 5(j)), the aperture is illuminated by the
antennas. As the system scans to the expected focal plane 5 mm
above the chip (Fig. 5(i)), the light is tightly-focused in the array
dimension to a FWHM of∼6.4 µm, which closely matches both
the simulated and 2D-focusing results. Finally, above the focal
plane (Fig. 5(h)), the light is, once again, diffracted out in the
array dimension.

Similarly, both 1D- and 2D-focusing phased arrays are also
fabricated with a 1 mm focal length. The resulting focal spots
have measured FWHMs of ∼1.7 µm in the array dimension and
∼2.9 µm in the antenna dimension, compared to the simulated
values of 1.4 µm and 1.5 µm, respectively. These slight discrep-
ancies can be attributed to experimental error in measuring such
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Fig. 5. Measured cross-sectional intensity (in dB) above the chip for a 2D-focusing splitter-tree-based phased array in the (a) x plane and (b) y plane with
top-down intensity shown (e) in the plane of the chip, (d) at the focal plane, and (c) above the focal plane. (f) Measured cross-sectional intensity in x (red) and
y (black) at the focal plane for the 2D-focusing splitter-tree-based phased array. (g) Measured cross-sectional intensity (in dB) above the chip for a 1D-focusing
splitter-tree-based phased array with top-down intensity shown (j) in the plane of the chip, (i) at the focal plane, and (h) above the focal plane. Measured
cross-sectional intensity (in dB) above the chip for a 2D-focusing splitter-tree-based phased array at (k) 1550 nm, (l) 1560 nm, and (m) 1570 nm wavelengths.
(n) Experimental results showing steering in the antenna dimension, y, versus wavelength. Results are shown for arrays with 512 antennas, 2 µm antenna pitch,
and 5 mm focal length.

small spot sizes with the finite pixel size of the IR camera and
compounding fabrication-induced phase errors in the focusing
antennas.

Finally, the wavelength of the light coupled into the 5-mm-
focal-length 2D-focusing array is swept to demonstrate wave-
length steering in the antenna dimension. In theory, since the
antennas are based on grating principles, as the wavelength of
light is increased, the effective period of the antenna becomes
smaller and the angle of the light radiated by the antenna varies
such that the beam is steered closer to the input of the chip.
Three cross-sectional intensities in the antenna dimension for
wavelengths of 1550 nm, 1560 nm, and 1570 nm are shown in
Figs. 5(k)–(m). As expected, as the wavelength is increased,
the radiation angle is shifted while still maintaining its focusing
characteristics. To quantify this shift, the spatial offset of the
beam in the antenna dimension is plotted as a function of the
input wavelength, as shown in Fig. 5(n).

Since the array is fabricated in a CMOS-compatible plat-
form, it is naturally scalable to a dynamic arbitrarily-tunable
system with active silicon-based phase shifters on each wave-
guide arm [2], [4], [6], [8]–[10]. This extension of the system
would enable steering of the focal spot in the array dimension in
addition to the wavelength steering capability in the antenna di-
mension. However, although the array-dimension tuning would

be fully arbitrary, this architecture is fundamentally limited to
2D-focusing in only one focal plane since the wavelength steer-
ing is only capable of inducing a lateral offset. For applications
where both focal length and offset tuning are required, a differ-
ent architecture capable of scaling to non-linear electrical tuning
in both dimensions (as described in Section IV) is necessary.

IV. PIXEL-BASED ARCHITECTURE, IMPLEMENTATION, AND

EXPERIMENTAL DATA

Next, as a second method for experimentally demonstrating
focusing integrated optical phased arrays, a passive focusing
phased array using a two-dimensional pixel-based architecture
is designed and fabricated, as shown in Fig. 6(a)–(b). By using
the architecture developed in [5], [26] and applying it to the
focusing theory developed in Section II, this system is capable
of scaling to electrical phase control in both dimensions of the
array to enable dynamic tuning of the spot’s focal length and
offset, simultaneously.

The pixel-based phased array and accompanying device test
structures are also fabricated in a CMOS-compatible foundry
process at CNSE SUNY on a 300-mm silicon-on-insulator (SOI)
wafer with a 2-µm-thick buried oxide using 193 nm immer-
sion lithography. However, a non-standard 380-nm-thick silicon
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Fig. 6. (a) Schematic of a pixel-based focusing phased array with 64 antennas. (b) Micrograph of a fabricated pixel-based focusing phased array with 1024
antennas and 10 µm antenna pitch. Simulated (c) coupling versus coupling waveguide length and (d) relative phase versus offset length for the pixel-based
architecture unit cell. Schematics of the unit cell are included as insets with each variable length indicated.

device layer is used (compared to the standard 220 nm thick-
ness used in [5], [26]), which requires redesign of all photonic
components in the system.

At the system input, an on-chip inverse-taper edge coupler is
designed to efficiently couple light from a 6.5-µm-mode-field-
diameter lensed fiber to a 450-nm-wide silicon waveguide with
a ∼2.5 dB measured coupling efficiency. A set of M row pixels
are then used to couple light from the input waveguide to M
row waveguides. Next, on each row waveguide, M emitter pixels
are used to couple light from the row waveguide to M compact
antenna emitters. This creates an array aperture of M × M
antennas, as shown in Fig. 6(a). Notably, the row pixels and the
emitter pixels are designed with the same topology (with the
exception that the emitter pixels are terminated with antenna
emitters) to enable arbitrary control of each antenna’s amplitude
and phase [5].

Within each row and emitter pixel, a directional coupler is
used for amplitude control [5]. By increasing the length of the
coupling region of the device, the percentage of power coupled
either from the input waveguide to the row waveguide or from
the row waveguide to the emitter is varied. Fig. 6(c) shows this
relationship as simulated in FDTD assuming a 380 nm wave-
guide height and a 120 nm gap between the coupler and the
waveguide. To enable uniform emission from each antenna
within the array, the power coupling coefficients for both the
row pixels and the emitter pixels are set to

ηm =
1

M − m + Nphantom + 1
(5)

where ηm is the coupling coefficient for both the mth row pixel
and the mth emitter pixel within each row, M is the total num-
ber of rows and the total number of emitters in each row, m

varies from 1 to M , and Nphantom is the number of desired
“phantom” antennas [11], [26]. This phantom antenna concept
is introduced to reduce the necessary coupling coefficient of the
last pixel. Although this results in some power being discarded
at the end of the input waveguide and each row waveguide, it
eliminates the need for the last directional coupler to have 100%
coupling, which would require a relatively long coupling length
and increase the pixel size [26]. For example, in this imple-
mentation, Nphantom is set to 3 such that the highest coupling
coefficient needed is 25%.

Each directional coupler is followed by two compact adia-
batic curves with a variable offset length between them to allow
for arbitrary phase control to each row or emitter [5]. Fig. 6(d)
shows the resulting relative phase versus offset length as sim-
ulated in FDTD. For focusing in two dimensions, the offset
lengths of each row and emitter pixel are set accordingly such
that the correct phase profile, given by (3), is applied. Since the
phase required for focusing in two dimensions is separable, the
phases for focusing in each dimension can be independently ap-
plied – i.e., the phase profile for focusing in the y dimension is
applied to the row pixels whereas the phase profile for focusing
in the x dimension is applied to the emitter pixels. Addition-
ally, the phase encodings are modified to compensate for the
variable phase induced by the directional couplers as discussed
in [26].

Finally, a compact emitter antenna is placed in each emitter
pixel to radiate the light out of the plane of the chip at a slight
angle from vertical to reduce back reflection. The emitter design
is similar to the design presented in [5]; however, its dimensions
are optimized for the custom 380-nm-height silicon. Specifi-
cally, each emitter antenna consists of 5 fully-etched grating
teeth with a 490 nm period and a 172 nm gap between teeth.
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Fig. 7. Measured cross-sectional intensity (in dB) above the chip for a 5-mm-focal-length pixel-based phased array in the (a) x plane and (b) y plane with
top-down intensity shown (e) in the plane of the chip, (d) at the focal plane, and (c) above the focal plane. (f) Measured cross-sectional intensity in x (red) and y
(black) at the focal plane for the 5-mm-focal-length pixel-based phased array. (g) Simulated (red) and measured (black) power full-width half-maximum (FWHM)
versus focal length. Results are shown for arrays with 1024 antennas, 10 µm antenna pitch, and 1550 nm wavelength.

To characterize the array, the same scanning optical imaging
system is used as in Section III. The resulting cross-sectional
intensity as a function of the distance above the chip and three
top-down views are shown in Figs. 7(a)–(e) for the fabricated
pixel-based 2D-focusing phased array with 1024 antennas (i.e.,
32 rows by 32 columns), 10 µm antenna pitch, 5 mm focal
length, and 1550 nm wavelength. Due to the 10 µm antenna
pitch, multiple grating lobes are generated in the array factor in
both the x and y dimensions. Two of these orders – the main
beam and one of the first-order grating lobes – are seen in the
camera’s field of view in the x dimension, as shown in Fig. 7(a).
As the system scans to the focal plane 5 mm above the chip
(Figs. 7(d) and 7(f)), the main beam is tightly focused, as ex-
pected. At this height, FWHMs of ∼21.5 µm are measured in
both the x and y dimensions, closely matching the simulated
value of 21.4 µm. Side-lobe suppressions of ∼8 dB and ∼5 dB
are measured in the x and y dimensions, respectively (note that
the noise floor in Fig. 7(f) is limited by the IR camera, not the
array itself). Additionally, using a pinhole shutter at the focal
plane to block any grating lobes and stray light and a detector
above the shutter, an on-chip input to main lobe efficiency of ap-
proximately −18.5 dB is measured (the losses can be attributed
to waveguide propagation loss, bending losses in the tight adi-
abatic bends, phantom antenna losses, and antenna emission
losses, including power radiated to the grating lobes).

For comparison, two additional 1024-antenna pixel-based ar-
rays are fabricated with 3 mm and 10 mm focal lengths. The
measured FWHMs for all three arrays are plotted in Fig. 7(g)
against the theory developed in Section II showing excellent
agreement. As expected, the FWHM increases linearly with the
focal length of the array.

Finally, a similar pixel-based array with 10,000 antennas (i.e.,
100 rows by 100 columns) is fabricated. Since the aperture size
of the array is significantly larger compared to the 1024 antenna
array (1 mm × 1 mm versus 0.32 mm × 0.32 mm), the range of
possible focal lengths is greatly increased due to the quadratic
scaling of the near-field boundary compared to the aperture
size. Similarly, the expected FWHMs are much smaller due to
the inverse relationship of the aperture size and the FWHM.

As such, for the fabricated 10,000-antenna 10-mm-focal-length
array, the measured FWHMs in the x and y dimensions are
∼23.3 µm and ∼20.9 µm, respectively. However, due to the
large number of antennas in the array, uniform distribution of
power to each pixel in the array is more difficult since lower
coupling coefficients and higher precision are needed. As such,
these measured FWHMs are larger than the simulated value of
13.5 µm. In future implementations, lower coupling coefficients
and higher precision could be achieved by varying the coupling
gap, as proposed in [11], [26].

Similar to the splitter-tree-based architecture, since the pixel-
based array is also fabricated in a CMOS-compatible platform,
it is naturally scalable to a dynamic arbitrarily-tunable system
with active silicon-based phase shifters integrated in each pixel
as demonstrated in [5]. This extension of the system would
enable both two-dimensional steering of the focal spot using
the non-linear steering formulation developed in Section II and
complete control of the focal length of the spot.

V. CONCLUSIONS, APPLICATIONS, AND FUTURE OUTLOOK

In summary, this work presents the first demonstration of
integrated optical phased arrays that focus radiated light to a
tightly-confined spot in the near field. The phase profiles neces-
sary for generating focused beams using phased arrays with non-
linear steering have been developed and relevant variables and
parameters have been presented and discussed. Furthermore,
two architectures have been proposed for demonstrating passive
focusing integrated optical phased arrays: a one-dimensional
splitter-tree-based architecture with focusing antennas and a
two-dimensional pixel-based architecture. Both architectures
have been used to demonstrate a variety of aperture size and
focal length arrays, including a 512-antenna splitter-tree-based
array with a ∼7 µm spot at a 5 mm focal length, a 1024-antenna
pixel-based array with a ∼21 µm spot at a 5 mm focal length,
and a 10,000-antenna pixel-based array with a ∼21 µm spot at
a 10 mm focal length.

Since the arrays are fabricated in CMOS-compatible plat-
forms, they are naturally scalable to active arbitrarily-tunable
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systems with varying advantages. While the splitter-tree-based
architecture is limited to active focusing in only one focal plane,
it requires a smaller number of active controls and its close an-
tenna pitch reduces the number of grating lobes, which increases
the steering range of the device. In comparison, the pixel-based
architecture enables control of the lateral steering and focal
length in both dimensions and could be arbitrarily tuned with-
out the need for a wavelength-tunable laser source; however, its
large pixel pitch limits the steering range and it requires a larger
number of active controls.

In addition to this natural evolution to active systems, the
demonstrations can be scaled to larger aperture sizes [4] to
further reduce the focal spot size and enable larger focal lengths.
Additionally, to improve the field profile at the focal plane, both
architectures can be modified to emit with Gaussian amplitude
profiles by either using a star coupler for the splitter-tree-based
architecture [8] or by modifying the coupling coefficients in
the pixel-based architecture [7]. Furthermore, using numerical
methods and synthesis algorithms [23], [24], the splitter-tree-
based arrays can be further improved by appropriately varying
the perturbation strength of the array’s focusing antennas to
produce either a uniform or a Gaussian emission profile. Finally,
to improve the efficiencies of both architectures, the element-
factor patterns of the long grating-based antennas and compact
emitter antennas could be further optimized to reduce the power
radiated to the grating lobes. Additionally, the pixel pitch of the
pixel-based architecture could be reduced to lower the number
of grating lobes by implementing a 1D splitting network with
outputs that route to a 2D pixel-based emitter array [2]; however,
this architecture would require individual phase control signals
for each emitter to correctly apply the 2D-focusing phase.

The demonstrated on-chip focusing optical phased arrays
have important applications in a variety of areas. For exam-
ple, by enabling highly-enhanced tightly-focused beams with
large focal lengths, these systems open up new possibilities for
large-scale biological characterization and monitoring through
optical trapping [13]–[15], especially for in vivo experiments
wherein relatively large spatial offsets are an advantage [15].
Furthermore, by enabling a chip-based source of highly-focused
beams, these devices have applications in chip-scale laser lithog-
raphy techniques ranging from trapping-based nano-assembly
[27], [28] to selective laser melting additive manufacturing [17].
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